(Submitted for publication July 14, 1959 ; accepted October 8, 1959) The role of the gastrointestinal tract as a major source of blood ammonia has been extensively studied in animals and in patients with liver disease. Less information is available concerning the relative contribution to the blood ammonia by other organs, such as muscle, liver, brain and kidney, which are known to be concerned with ammonia metabolism (1) . The renal release of ammonia into the systemic circulation was first demonstrated by the observations of Nash and Benedict in 1921 (2) . Although the magnitude of this ammonia release and its effect on the arterial ammonia concentration have not been determined, factors affecting the quantity of ammonia excreted into urine have engendered considerable investigation. Current evidence indicates that changes in urine pH are important determinants of urinary ammonia excretion, lesser amounts of ammonia appearing in alkaline than in acid urines (3) (4) (5) (6) (7) (8) . Studies in unilaterally nephrectomized dogs suggest that total renal ammonia production may remain unchanged following acute alterations in urine pH (9) . Of particular interest in this regard have been the observations of significant increases in arterial ammonia concentrations of cirrhotic patients given Diamox (acetazolamide) (10) (11) (12) , an agent which is known to increase urine pH.
The present investigation is concerned with the release of ammonia into the renal vein of patients with liver disease, with particular emphasis on the effect of intravenous acetazolamide.
METHODS
Eleven patients with liver disease were studied. All were hospitalized males, ranging in age from 32 to 63 years. Nine had Laennec's cirrhosis confirmed by biopsy and two had fatty metamorphosis. Three of the cirrhotic patients (W.F., W.N. and W.S.) exhibited precoma at the time of the study; none showed evidence of fluid retention or of progressive hepatic deterioration. Renal function was normal in all patients.
Patients were studied in the recumbent position after an overnight fast. A constant intravenous infusion (Bowman pump), which delivered 14 to 16 mg of para-amino hippurate (PAH), was maintained throughout the study and was preceded by a priming dose of PAH calculated to provide plasma levels of 2 mg per 100 ml. Arterial samples were obtained from a brachial artery, and renal venous samples from the right renal vein by way of an intravenous no. 8 catheter. Renal venous blood was initially identified from catheter position and apparent arterialization; subsequent confirmation was obtained from oxygen saturations and PAH extraction. Resting arterial and renal venous samples were obtained 45 to 60 minutes after the PAH infusion was begun and again at 10, 20, 30, 45, and 60 minutes after the intravenous administration of 500 mg of acetazolamide. Five subjects ingested 1 L of water 30 to 45 minutes prior to the start of the study. A water diuresis was subsequently maintained by the intravenous infusion of 5 per cent dextrose and water administered at a rate of 20 to 30 ml per minute. In these patients, urine samples were collected anaerobically from an indwelling Foley catheter over time intervals which corresponded to the intervals between blood samples and included two 10-minute control periods. Urine was collected under an oil-toluene mixture. Blood sampling times usually occupied 30 to 45 seconds and were begun at the approximate midpoint of the urine collection period; urine collection generally required 30 to 60 seconds.
Blood ammonia (NH3) was measured by a modification of the microdiffusion method of Brown and associates (13) and of Tyor and Wilson (14) . Urine ammonia (NH3) was measured in duplicate, within 24 hours after sampling, by a similar modification of the same method, using 1 ml aliquots of urine which were appropriately diluted (1: 25 or 1: 50 in control specimens, 1: 10 or 1: 25 in post-acetazolamide samples). PAH concentrations in the blood, urine and infusion media were determined by the method of Selkurt (15) with the N-naphthyl ethylenediamine dihydrochloride recrystallized with hydrochloric acid, as described by Bratton and Marshall (16 (17) . The carbon dioxide content of whole blood was determined by the method of Van Slyke and Neill (18) . The carbon dioxide tension was calculated from this value, the pH and the hemoglobin concentration by the line chart of Van Slyke and Sendroy (19) , using a pK of 6.11. Oxygen content and saturation were determined by the spectrophotometric method of Hickam and Frayser (20) . Hematocrits were determined in duplicate from arterial and renal venous blood in Wintrobe tubes centrifuged at 3,000 rpm for 30 minutes.
Renal plasma flow (RPF) was calculated by a modification of the Fick principle, using the formula 1) RPF = IR/A-R, where IR represents the infusion rate of PAH in milligrams per minute, A and R represent the PAH concentration in arterial and renal-venous blood in milligrams per milliliter. This principle and formula have been previously described and utilized by Bradley, Ingelfinger, Bradley and Curry (21) in the determination of hepatic plasma flow, using sulfobromophthalein. Since the arterial PAH concentrations remained essentially constant throughout the entire period of observation, the PAH removal by the kidneys may be considered equal to the rate of PAH infusion. The validity of this method is also dependent upon the assumption that the PAH level in a sample of blood taken from the right renal vein is representative of the level in the left renal vein. Five of the patients had simultaneous measurements of RPF by standard clearance procedure 2), C" = UV/P.
In these subjects, RPF was also calculated from the formula 3), RPF = UV/A-R, as described by Cargill (22) , where UV is the rate of urinary excretion of PAH in milligrams per minute. In each instance, RPF was converted to renal blood flow (milliliters per minute), which was calculated from the formula RBF = RPF/ (1 -Hct.). Values obtained using Formula 1 averaged 1,919 ml per minute. Similar average values were obtained when RBF was calculated from Formula 3, 1,802 ml per minute. However, calculation of RBF by standard clearance methods, Formula 2, yielded lower average values, 1,362 ml per minute. PAH extraction in the 5 patients who had simultaneous measurements averaged 85 per cent. The extraction of PAH (EPEH) was calculated from the formula EPH= (A-R/A)X 100, where A is arterial PAH concentration in milligrams per milliliter and R is renal venous PAH concentration in milligrams per milliliter. Values for EPA in the 11 patients studied ranged from 75 to 92 per cent, mean = 87 per cent. Release of ammonia into the renal vein (micrograms per minute) was calculated from the RBF and arteriovenous renal ammonia difference in micrograms per milliliter; the ammonia excretion into the urine (micrograms per minute) from urine volume in milliliters per minute; and the ammonia concentration in micrograms per milliliter. The RBF and arteriovenous renal oxygen differences in volumes per cent were used to calculate renal oxygen consumption (milliliters per minute).
RESULTS
The data obtained from each patient as well as mean values before and after acetazolamide administration are presented in Tables I and II. The mean arterial ammonia concentration increased significantly 20 minutes after intravenous acetazolamide and attained a maximum increase over resting values, 30 ,ug per 100 ml, at 45 minutes. Patient W. N., who exhibited marked resting hyperammonemia and a maximum increase in arterial ammonia concentration of 60 ,ug per 100 ml, was the only .subject who showed overt cerebral deterioration during the study. Frank coma responded readily to routine measures.
Resting renal arteriovenous ammonia differences were negative in 10 of 11 subjects, indicating release of ammonia into the renal vein. A twofold increase in mean renal ammonia release (p = < 0.01) was exhibited within ten minutes after acetazolamide administration and was maintained throughout the remainder of the study. Renal blood flow was essentially unchanged throughout the entire period of observation. The abrupt increase in the release of ammonia into the renal vein was associated with an equally rapid decrease in urine ammonia excretion in the five patients who had simultaneous measurements. In these subjects, mean resting urine ammonia excretion decreased significantly from 1,590 ,ug per minute to 1,096 ,ug per minute at the 10 minute period and to 360 ug per minute 20 minutes after acetazolamide, remaining essentially unchanged thereafter. Although maximum reduction of urine ammonia excretion was observed at 20 minutes, an earlier effect would seem likely, since the 10 minute urine value reflected the tubular ammonia concentration immediately before and after acetazolamide. This reduction in urine ammonia excretion could be readily correlated with a rise in urine pH. Mean urine pH attained maximum alkalinity at 20 minutes and was essentially unchanged throughout the remainder of the study. A significant decrease in mean arterial pH was observed at the 45 minute period.
Renal oxygen consumption increased significantly (p = < 0.01) at 20 minutes but was similar to the resting value at 45 minutes. No explanation for this observation is apparent at this time. 
DISCUSSION
The present study demonstrates that the kidney normally releases a variable amount of ammonia into the systemic circulation of patients with liver disease. In addition, it is apparent from these data that the intravenous administration of acetazolamide to such patients results in a prompt and sustained increase of this renal contribution, which is associated with a rise in arterial ammonia concentration. Previous comparisons of peripheral venous and arterial ammonia values with renal venous levels in dogs (2, 23, 24) and in humans (25, 26) have shown in almost every instance a greater ammonia concentration in renal venous blood. The present observations emphasize the magnitude of this renal contribution in resting patients with liver disease. Indeed, serial determinations of arteriovenous ammonia differences across the periphery, liver and kidney in resting normal subjects and in patients with liver disease without hyperammonemia suggest that the kidney may be a major source of the "normal" blood ammonia (27) .
Patients with liver disease whose gastrointestinal ammonia production appears to be negligible, may exhibit progressive increases in arterial ammonia concentration (28, 29) . Similar elevations have been observed in such patients following oral and intravenous acetazolamide (10) (11) (12) . In these instances, the increased increment of arterial ammonia has been attributed either to a greater endogenous ammonia production or to a decrease in organ removal. Muscle, liver, brain and kidney are potential ammonia donors and receivers (1). However, with the exception of the kidney, arteriovenous ammonia differences across these sites have been primarily positive in patients with liver disease and hyperammonemia, suggesting that these organs function chiefly as ammonia receivers (25-31). Dawson, de Groote, Rosenthal and Sherlock have reported increased arterial ammonia concentrations and unchanged arteriorenal venous ammonia differences in three cirrhotic patients two hours after the oral ingestion of acetazolamide (11) . In contrast, this report suggests that the kidney may be a source of the observed increased increment of arterial ammonia which followed the intravenous administration of acetazolamide to patients with liver disease with or without pre-existing hyperammonemia. The relationship of this increased renal ammonia contribution to the observed elevation of arterial ammonia concentration becomes more apparent from the following theoretical considerations. If one assumes an average extracellular fluid volume of 14 L and unchanged organ ammonia removal, the increased increment of ammonia released into the renal vein, which averaged 982 ug per minute for the 60 minute period after acetazolamide, could account for as much as a 420 ,ug per 100 ml increase in extracellular fluid ammonia concentration. Actually, the observed average increase in arterial am-monia concentration at 60 minutes was 26 Kg per 100 ml. That this increased increment of ammonia released into the renal vein may elevate the arterial ammonia concentration in patients with liver disease is apparent from the results obtained in four cirrhotic patients given 1 mg per minute of ammonia as ammonium chloride intravenously; arterial ammonia concentration increased rapidly in each subject, with an average increase of 180 ,ug per 100 ml at the 60 minute period (32) .
The arterial ammonia concentration at any instant is the resultant of a number of factors, including ammonia production by tissues, hepatic removal, and rate of diffusion into and out of cells. There is no reason to assume that acetazolamide affects only the first-named parameter. Indeed, a decreased removal of ammonia by the periphery and unchanged hepatic uptake have been reported in cirrhotics following oral and intravenous acetazolamide (11) . An increased cerebral removal has also been noted (12) . Nevertheless, the present studies indicate that the increased renal output of ammonia following acetazolamide is more than sufficient to provide the extra ammonia to serve as an ultimate source for the blood increment.
The prompt twofold increase in the release of ammonia into the renal vein, which followed acetazolamide administration, was associated with an equally rapid fall in urinary ammonia excretion. Considerable individual variation was observed when post-acetazolamide urine ammonia excretion and renal vein ammonia release, obtained at each sampling period, was totaled and compared with resting measurements. However, this variability might be expected since renal vein ammonia release was calculated from instantaneous values obtained from one renal vein, whereas urine was collected from the bladder over ten-minute periods. Nevertheless, the decrease in urine ammonia excretion was approximated by the increase in renal vein ammonia release in most periods, suggesting that total renal ammonia production was not significantly altered.
Although the magnitude of urinary ammonia excretion has been correlated with urine pH in several species, including man, previous studies utilizing carbonic anhydrase inhibition have been limited to relatively long-term observations. It is apparent from the present investigation that tubular pH rises within the first ten minutes after intravenous acetazolamide administration and that urinary ammonia excretion falls concomitantly. In contrast, the change in arterial pH was relatively delayed. Renal venous pH and CO2 content measured in four patients after acetazolamide showed values which were similar to those of arterial blood. Present evidence suggests that the excretion of ammonia into urine may occur by a process of passive diffusion which, in acute experiments, is conditioned by urine pH (3) (4) (5) (6) (7) (8) .
Since cells in general are permeable to the molecular species NH3, it would seem reasonable to assume that the ammonia produced within the renal tubular cells diffuses out of the cell with equal facility into tubular urine and into renal venous blood. The relative amounts captured by each should therefore be dependent upon their respective pH's and fluid flows. In the present study, acetazolamide rapidly increased urine pH and decreased ammonia release into the urine; release into the renal vein increased. Additional support for a primary shift in the rate of diffusion of ammonia may be obtained from a consideration of Patients G.J. and J.P. Patient G.J., who exhibited the lowest resting urine pH, showed the greatest reciprocal change in urine and renal vein ammonia after acetazolamide. In contrast, the smallest reciprocal change was noted in Patient J.P., who showed the highest resting urine pH. This suggests that urine pH is not only an important determinant of urinary ammonia excretion but may also influence the amount of ammonia liberated into the renal vein, at least during the immediate period following intravenous acetazolamide administration.
It is emphasized that the relationship between urine pH and renal ammonia partition reported in this study need not apply to more chronic situations. Current concepts of renal ammonia production suggest that the magnitude of ammonia release into urine and renal vein over prolonged periods would be influenced by such factors as renal substrate concentration and enzyme activity (33) . In addition, it would seem likely that the well recognized alterations in amino acid metabolism (34) exhibited by individuals with liver disease, and their propensity to develop electrolyte imbalance (35) might influence renal ammonia formation in such patients.
The release of ammonia into the right renal vein was measured in 11 patients with liver disease, before and after the intravenous administration of 500 mg of Diamox (acetazolamide). Concomitant measurements of ammonia excretion into urine were obtained in five patients.
The observed increase in mean arterial ammonia concentration after acetazolamide was associated with a prompt twofold increase in the release of ammonia into the renal vein, which was maintained throughout the 60 minute post-acetazolamide period. Renal blood flow remained essentially unchanged throughout the entire study.
The abrupt increase in renal ammonia release was associated with an equally rapid decrease in urine ammonia excretion, which attained maximum significance 20 minutes after acetazolamide and inversely approximated the increase in release into the renal vein. The reduction in urine ammonia excretion could also be correlated with a rise in urine pH.
These observations seem best explained by a shift in the partition of ammonia produced by the kidney between urine and renal vein. In addition, they suggest that acute changes in urine pH may also influence the amount of ammonia liberated into the renal vein.
